This paper reports the latest developments in optical generation, transmission and electro-optical processing techniques enabling wireless connectivity to a large number of users employing ultra-wideband (UWB) radio. In particular, the latest advances in UWB generation at 60 GHz and ultra-low power sensing employing photonic analogue-to-digital converters are presented altogether with novel transmission architectures like UWB pico-cell clusters. The techniques herein reported permit the cost-effective spectrum-efficient provision of multi-Gigabit connectivity and present an enabling step to the introduction of cognitive techniques maximizing the overall network capacity. Keywords: ultra-wideband (UWB) radio, millimetre wave communications, pico-cell wireless communications, radio frequency photonics, sensing, optical access networks.
INTRODUCTION
Ultra-wideband (UWB) radio is an attractive wireless technology for low-cost short-range low-latency highbitrate communications [1] . As in current regulation, UWB systems operating in the 3.1 -10.6 GHz band are limited in transmission power (ranging from -41.3 to -65.3 dBm/MHz) in order to avoid interference with other licensed and un-licensed wireless services sharing the same electrical spectrum [2] - [3] . UWB is capable of providing multi-Gbit/s service (14 bands × 480 Mbit/s = 6.72 Gbit/s per user) meeting current FCC regulation. UWB radio is expected to interfere common placed radio technologies like WiMAX and 5 GHz WiFi. UWB operation in the 60-GHz band is an attractive solution, which can host perfectly, in several countries, the 7 GHz bandwidth allocated for UWB in current regulation. The UWB power limits are translated to limited range. Radio attenuation in the 60-GHz band reduces potential interference when a large number of users are present. UWB in the 60-GHz band is an interesting approach for providing multi-gigabit per second connectivity in wireless personal area networks (WPAN) at ranges of within about 10 m with a high density of antenna units.
UWB is an interesting solution for the access network. The fibre transmission of UWB signals takes advantage of the high-bandwidth offered by the optical fibre significantly simplifying the remote antenna units and providing transparency to modulation formats thus supporting multi-standard operation [4] . Radio-over-fibre transmission of UWB signals enables different applications such as access networks distribution [4] , millimetre-wave communications in special environments with security restrictions (e.g. aircrafts) [5] , and pico-cell cluster management [6] . The latest developments in this field are reported in this paper.
Two example scenarios for UWB radio-over-fibre distribution are proposed dealing with (i) data transmission and (ii) cellular management. The first example scenario is intended for providing high-bitrate services like audio and video content distribution as shown in Fig. 1 . Figure 1 . UWB-on-fibre in the access network high-bitrate content distribution application scenarios: (a) FTTH networks [4] and (b) UWB pico-cell cluster in-aircraft communications [5] Fig . 1(a) shows UWB-on-fibre transmission in transparent fibre-to-the home (FTTH) networks to the customer premises, where the central office is connected with standard single-mode fibre (SSMF) to the optical network unit (ONU) for photodetection, amplification and filtering. In-vehicle networks such as aircrafts shown in Fig. 1(b) is investigated in Section 2. Another example scenario includes cellular management of UWB pico-cells. Radio-over-fibre can be used for sensing the radio activity in a given environment. For the case of UWB signals in order to avoid the cost of great bandwidth electronic devices, a photonic analogue-to-digital converter can be applied.
This photonic converter technique reduces the bandwidth of the signal using a time stretching with an optical architecture comprised by two spools of dispersive compensating fibre. An enhanced architecture with engineered optical and electrical amplification is presented in this paper enabling sensing of ultra-low power signals [7] . This photonic technique can be extended to a multichannel configuration in order to capture simultaneously the signal from different sensors. The captured signal can be processed and used for managing the pico-cells in a given area.
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Figure 2. Application scenario for in-building cellular-UWB management.
The application scenario of monitoring the radio spectrum for cellular management is depicted in Fig. 2 where a simple in-building optical infrastructure interconnecting the different sensors is shown. The photonic analogto-digital architecture is depicted in Section 3 and its application to this scenario is explained in Section 4. Finally in Section 5 the main conclusions are summarized.
ULTRA-WIDEBAND OPTICAL GENERATION IN THE 60-GHz BAND
60-GHz UWB approach has been proposed for in-aircraft applications and its feasibility has been demonstrated in a proof-of-concept experiment [5] . Fig. 1(b) shows the proposed application scenario targeting to distribute high-definition multimedia contents for in-flight entertainment. The figure shows a cabin where the UWB signal is generated in the optical domain in a central unit (Block "A" in Fig. 1(b) ) and is further distributed through single-mode fibre to the on-seat remote antenna units (Block "B" in Fig. 1(b) ). At the remote units, the signal is photodetected, amplified and filtered yielding a UWB signal in the 60-GHz band which is then radiated to provide passenger connectivity at WPAN coverage areas minimizing the interference, which is a critical issue in avionics. The impulse-radio UWB implementation is of special interest for the in-aircraft environment as, beside communications, permits localization of users exhibiting potentially large radio interference. This approach is also interesting for radio tagging and passenger identification applications. Fig. 3(a) shows the schematic diagram of the photonic technique employed to generate the UWB signal in the 60-GHz band at the central unit of the system. External electro-optical conversion of the baseband UWB signal is performed by a Mach-Zehnder intensity modulator (MZM). Frequency up-conversion to the 60-GHz band is performed by driving a second MZM biased in nonlinear regime by a local oscillator (LO) signal at half the desired up-conversion frequency. The modulated optical signal is distributed to the remote antenna units over standard single-mode fibre at in-cabin distances, where the UWB signal is up-converted to the 60-GHz band after photodetection and further amplified and filtered. Fig. 1(b) and (b) In the experimental demonstration, the baseband UWB signal comprises pulses with Gaussian-monocycle shape at a 10-dB bandwidth of 3.8 GHz. A fix data pattern at 1.244 Gbit/s with on-off keying (OOK) modulation is employed. Frequency up-conversion to 57 GHz is performed by a LO frequency of 28.5 GHz (14.25 GHz × 2). In order to verify the appropriate operation of the generation technique, the UWB signal at 57 GHz is demodulated by electrical frequency down-conversion directly (with no air transmission) employing the LO at 57 GHz (14.25 GHz × 4). Fig. 3(b) shows the eye diagram of the demodulated pulses after fibre transmission over 100 m demonstrating the feasibility of the technique. Furthermore, simulation results from a model consistent with the experiment, developed by the simulation tool VPItransmissionMaker, have demonstrated that the system can serve the high number of antenna units in aircrafts at WPAN distances [5] .
From a techno-economic analysis [5] , the proposed system can compete in cost and has advantages in terms of transparency to modulation formats and high bandwidth compared with a conventional solution based on digital baseband transmission over fibre and data modulation in a UWB transmitter and frequency up-conversion in the electrical domain at the remote antenna units.
In practice, recently developed bend-insensitive fibres [8] offer easier in-vehicle installation while maintaining the characteristics of standard single-mode fibres. Moreover, electro-optical conversion can be performed by direct modulation of a vertical-cavity surface-emitting laser to reduce cost. The use of this electrooptical conversion approach employing both bend-insensitive fibres at distances < 1 km suitable for the inaircraft application and in-building applications and standard single-mode fibres at distances > 1 km suitable for application in optical access networks, shown in Fig. 1(a) , is under further investigation.
ULTRA-LOW POWER SENSING BY PHOTONIC ANALOGUE-TO-DIGITAL CONVERSION
A photonic analogue-to-digital converter (ADC) architecture can be used for sensing radio signals with very low transmitted power if the optical and electrical amplification level is selected properly [6] . This technique can be used for sensing UWB signals based in orthogonal frequency division multiplexing (OFDM) modulation [9] , reducing the sampled bandwidth and the resulting stretched signal can be processed and used for cognitive radio applications [10] . Fig. 4 shows the experimental setup for a single-channel photonic ADC, with two modules of dispersive compensation fibres of accumulated dispersion D 1 = -1500 ps/nm and D 2 = -3600 ps/nm. This leads to a stretching factor of M = 1 + D 2 / D 1 = 3.4 which means that the UWB signal working in the ECMA-368 band from 3.1 GHz to 4.7 GHz can be sensed at the original frequency and after the time stretching it can be sampled with an electrical analogue-to-digital converter (E-ADC) front-end of 4.7 GHz /M = 1.38 GHz. This can apply too to the 60-GHz band increasing the stretching factor for example to M = 30 (with D 1 = -50 ps/nm, D 2 = -1450 ps/nm). The optical amplifier is an EDFA with 19 dBm saturated power and 4.5 dB noise figure. The antenna amplifier is a low-noise amplifier with 44 dB gain covering the whole UWB band up to 10.6 GHz. The MZM has a V = 3.8 V and the photodetector (PD) exhibits 0.65 A/W responsivity. The receiver amplifier contains two amplification stages with 62 dB total gain and a high pass filter with 800 MHz cut-off frequency. Fig. 5 compares the electrical spectrum measured at the antenna output with the stretched signal spectrum after the photonic ADC. An UWB signal with frequency hopping using the first three UWB sub-bands (from 3.1 to 4.7 GHz) is generated and radiated. The received and comprised spectrum after 0.5 m radio propagation is shown in Fig. 5(b) where the stretching factor can be confirmed. The three UWB channels centred in 3.432, 3.96 and 4.48 GHz appear at 1, 1.16 and 1.3 GHz, respectively with the stretching factor of M = 3.4. (1) in Fig. 4, and (b) output of the photonic system or point (2) in Fig. 4 (resolution bandwidth=50 kHz) .
It can be observed in Fig. 5(b) that a signal-to-noise ratio (SNR) of 13 dB in the first UWB sub-band once stretched and 7 dB in the third one is achieved with this system. This difference is due to the frequency response of the system.
ULTRA-WIDEBAND PICO-CELL CLUSTERING
The ultra-low power sensing technique described in Section 3 can be used for managing UWB pico-cell clusters. This management is an enabling step for future cognitive radio techniques [9] . In the scenario shown in Fig. 2 different UWB transmitters (e.g. high-definition television, UWB-enabled computer, phones, hard disc or printers) are placed in a given area forming different cells. In the proposed system, several sensors are placed along a given area to detect the radio signal present in the environment as represented in Fig. 6 . These sensors are connected through optical fibre to a centralized unit where the detected signals (stretched by the photonic analog-to-digital converter system) are processed to decide the management commands necessary to change the transmission parameters of the devices. Figure 6 . UWB pico-cell cluster management scheme.
The SNR level obtained with this photonic technique of more than 7 dB in the whole UWB band enables the possibility of processing these data for fingerprinting and localization of the UWB devices in order to apply other management algorithms. Successful operation of fingerprinting was demonstrated in [6] detecting the time frequency hopping of ECMA-368 UWB transmissions captured and processed by system. The experimental results confirm the excellent performance of the fingerprinting algorithms identifying the presence of signal in each band of the frequency hopping and the silence periods. The identification of these transmission parameters enables cognitive management of the different transmitters maximizing the overall system capacity.
CONCLUSION
This paper presented the latest optical technologies for UWB radio-over-fibre transmission considering from the access network to the pico-cell cluster. The photonic generation of impulse-radio UWB signals in the 60-GHz band including fibre transmission has been presented. This technique can provide multi-gigabit per second WPAN connectivity for several applications ranging from optical access to in-building and in-vehicle networks. An optical technique comprising a photonic analogue-to-digital converter has been presented for sensing and managing OFDM UWB pico-cell clusters. These techniques permit cost-effective provision of high-bitrate communications with multi-Gigabit connectivity and are an enabling step to introduce cognitive techniques maximizing the overall network capacity.
